We investigate the tensile properties of a single crystal gold nanorod with a square cross-section of 190 nm x 190 nm. A gold nanorod, which has a single slip orientation, is mounted on a lozenge-shaped silicon frame and is pulled by a compressive load on the top face of the frame. Although the applied load increases linearly in the early stage of deformation, it drops suddenly at a certain displacement. In-situ TEM observations indicate that the rapid drop is due to crystallographic slip generation within the nanorod. The critical resolved shear stress on the active slip system at yielding is evaluated to be 325.8 MPa, which is about 600 times larger than that of the bulk counterpart. After necking, which occurs regardless of the crystal structure, the nanorod is fractured.
Introduction
The mechanical properties of submicron-or nanometer-scale materials are of practical importance because they are used in interconnections above semiconductor layers in ultra-large-scale integrated circuits. It is widely known that the mechanical properties of submicron-and nanometer-scale materials are different from those of the bulk due to the small volumes of the former. Although bending and nanoindentation experiments have examined the size effects in plasticity (McElhaney et al., 1998) , these are due to the presence of severe strain gradients. Micro-or nano-scale pillar compression experiments where the strain gradients are minimal have also been carried out; however, this method cannot yield fracture properties. Consequently, tensile experiments are desired, because of the uniform stress distribution as well as the ability to obtain fracture behavior at large strains.
In this work, a tensile test are carried out for a gold (Au) single crystal nanorod with single slip orientation, and the tensile deformation and fracture properties are investigated.
Experimental

Material and specimen
After annealing a polycrystalline gold (Au) plate (purity: 99.95%, average grain size: 220 μm) in vacuum (4.0×10 -4 Pa) at 973 K for 24 h to remove residual strain, the crystal orientation and shape of each grain on the surface are analyzed by electron backscatter diffraction (EBSD). A single crystal nanorod is then carved out of one grain on the plate using a focused ion beam (FIB) processing system (Hitachi, FB-2200; accelerating voltage: 40 kV) . The following process is used: (1) A block (20 μm × 20 μm × 15 μm) is carved out of a silicon (Si) substrate with a (001) surface ( Fig. 1(a) ). The block is mounted on the flat top of an Au wire using tungsten (W) deposition ( Fig. 1(b) ). (2) The block is processed to plate form with dimensions of 15 μm (height) × 14 μm (width) × 1.5 μm (thickness), and a rectangular hole is made in the middle position ( Fig. 1(c) ). (3) A 25 μm × 15 μm × 15 μm block is carved out of one grain in the Au plate ( Fig. 1(d) ). The block is mounted on the flat top of a different Au wire ( Fig. 1(e) ) and is formed into a plate with dimensions of 25 μm (height) × 12 μm (width) × 1.0 μm (thickness) ( Fig. 1(f) ). (4) A bar of 4 μm (length) × 1 μm (height) is cut out of the Au plate ( Fig. 1(g) ). The ends of the bar are fixed on the middle position of the Si plate using W deposition ( Fig. 1(h) , (i)). (5) After the Si plate is processed into a lozenge frame ( Fig. 1(j) ), the Au bar is processed into rod form with a square cross-section with nanometer-scale ( performed on the Au nanorod from multiple directions in order to remove residual surface damaged induced by the FIB processing. Figure 2 shows a scanning electron microscope (SEM) image of the specimen. The nanorod, which is attached to the central part of the lozenge Si frame, has a square section. The side length is 190 nm and the gauge length is 1,460 nm. There is no unevenness or observed slip lines on the surface of the Au nano-rod. When a perpendicular downward load is applied to the upper surface of the Si frame by an indenter, the frame expands horizontally and applies a tensile load to the attached nanorod (Ganesan et al., 2010) . Figure 3 (a) shows a stereographic projection of the nanorod; the specimen has a face-centered cubic structure with four slip planes and three slip directions per plane (giving a total of 12 slip systems); the slip planes and directions are respectively labeled A-D and 1-6 in Fig.  3(a) . Figure 3(b) shows the Schmid factors of the Au nanorod. Single slip deformation is expected because the magnitude of the slip system B4 is enormously large.
Experimental system and conditions
A loading apparatus (Nanofactory instruments AB: TEM Nanoindenter) built in a TEM (JEOL: JEM-2100) is used for the experiment. The apparatus consists of a stage, which could be moved in three directions by a piezoactuator, and a conical diamond tip with a load sensor (resolution: 0.1 μN). An Au wire, which holds the specimen, is connected to the stage, and a load is applied by pressing the specimen onto the diamond tip. The experiment is conducted at a constant velocity of 10 nm/s under a vacuum of 1.5×10
−5 Pa and an electron accelerating voltage of 200 kV. The experimental image is continuously recorded by a video camera attached to the TEM. The load, P, applied to the specimen is measured by a load sensor, and the incremental displacement between reference points in the Si frame, Δu, and elongation of the nanorod, Δl, are measured from the TEM images.
Analytical procedure
The tensile force acting on the nanorod, F, is calculated using finite element method (FEM) analysis for the Si frame. Figure 4(a) shows the mesh division. The shape of the analytical model is reconstructed on the basis of the SEM image of the Si frame. In the analysis, the lateral force F with different magnitudes (= 0, 10, 20 μN) is applied to the reference points in the Si frame, and the downward load P is applied to the upper face of the frame (See Fig.  4(a) ). Figure 4(b) shows the relation among P, F and Δu obtained analytically. This relation is denoted by the following formula.
By substituting the experimentally obtained values of P and Δu into equation (1), the force acting on the nanorod can be determined.
Results and discussion
Plastic deformation behavior of Au nanorod
Figure 5 (a) shows the P-t relationship (t = 0~45 s) obtained using the specimen where the Si frame carries the Au nanorod. P increases monotonically in the early stage of deformation. It then drops rapidly at P = 23.3 μN. Similar drops are seen at P = 36.0 μN, P = 42.6 μN, and P = 49.0 μN. This phenomenon is due to the deformation of the Au nanorod.
Figure 5 (b) shows TEM images corresponding to Fig. 4 (a) (I), (II), (III). Before loading, the surface of the nanorod is flat and smooth, and conspicuous unevenness does not exist. The nanorod starts to extend uniformly with an increase in the applied load. At P = 23.3 μN where P shows the first drop, a discontinuous slippage appears on the upper and lower surfaces on the left side of the nanorod ("a" in Fig. 5(b)-II) . This indicates yielding of the nanorod. Subsequently, similar slippages appear at P = 36.0 μN and P = 42.6 μN. At P = 42.6 μN, a large slippage is generated on the left side of the nanorod ("b" in Fig. 5(b)-III) .
Figure 6 (a) shows the relationship between P and Δu. P increases linearly at the early stage of deformation. However, Δu increases suddenly at P = 23.3 μN where the slippage appears on the surface of the Au nanorod. Then, P increases with small drops. In the figure, the P-Δu relations of the Si frame obtained analytically and experimentally are superimposed. The P-Δu relation of the specimen with the Au nano-rod shows a larger gradient than that of the Si frame, and it becomes small after yielding.
Figure 6 (b) shows the nominal stress σ -nominal strain ε relationship of the Au nanorod. σ and ε are obtained by dividing F by the initial cross-sectional area (190 × 190 nm 2 ) and by dividing the elongation Δl by the initial length (1,460 nm) of the Au nanorod, respectively. The Young's modulus evaluated from the linear region in the early stage of the σ-ε curve is 60.2 GPa. The Young's modulus in the longitudinal direction of the nanorod estimated by FEM analysis, taking into account the anisotropic elastic constants of Au (C 11 = 192.3 GPa, C 12 = 163.1GPa, C 44 = 42 GPa), is 61.2 GPa. This is in good agreement with the value obtained experimentally. On the other hand, the yield stress, σ Y , obtained from the σ-ε relationship is 653.8 MPa. Taking into account the Schmid factor of the primary slip system B4 of the Au nanorod, the critical resolved shear stress, τ crss B4 , is evaluated to be 326 MPa, which is about 600 times larger than that of the bulk (τ crss = 0.5 MPa). After the yielding, σ is reduced by more than 200 MPa. Although σ moves up and down repeatedly, there is no macroscopic work-hardening. This tendency is similar to that of a whisker (Brenner, 1957) , which has a structure close to that of a perfect crystal. Since the dislocation density is expected to be lower in the small materials due to loss of dislocations through the surface, the nanorod would require a large applied stress and would show plastic deformation behavior similar to that of the whisker. Figure 7 shows TEM images at fracture for the Au nanorod (t = 40~64 s). Necking appears on the left side of the nanorod where slip deformation is generated at the yield point. After the necking part is finally thinned down to tens of nm, the nanorod fractures. In this experimental method, the fracture process can be carefully observed since the deformation of the nanorod is constrained by the Si frame. The nanorod is elongated to 1,890 nm at fracture, which is converted to ε = 0.29. Figure 8 shows SEM images of the nanorod after the experiment. In the region at the left side of the nanorod where initial slip deformation and final fracture are generated, slip traces exist near the surface. This slip corresponds to the activity of the primary slip system B4 in the nanorod. In the central region at the fracture part, breaking due to necking is observed. This region does not show crystallographic slip deformation and deforms isotropically. Moreover, at the tip of the fracture part, the nanorod is thinned down to about 15 nm. This indicates that the nanorod deforms plastically regardless of the crystalline structure in the high strain region.
Fracture behavior of Au nanorod
Conclusions
In order to examine the yield and fracture behavior of a single crystal Au nanorod, tensile testing is carried out by in-situ TEM observations. After the applied load increases monotonically, it drops suddenly at a certain displacement. In-situ TEM observation indicates that this rapid drop is due to crystallographic slip generation in the nanorod. The critical resolved shear stress is evaluated to be 326 MPa, which is about 600 times larger than that of the bulk (τ crss = 0.5 MPa). The high critical resolved shear stress is due to the low dislocation density in the nanorod. After yielding, the nanorod does not show macroscopic work-hardening. This tendency is similar to that of a whisker. The low dislocation density in the nanorod induces characteristic plastic deformation behavior. In the low strain region, the nanorod deforms plastically based on the crystallographic slip. However, after necking, the nanorod shows isotropic plastic deformation.
